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Background: An inductively coupled plasma mass spec- 
trometry (I CP-MS) -based immunoassay has been pro- 
posed independently by Baranov et al. {Anal Ckem 
2002,74:1629-36) and our group, but the applicability of 
this method for multianalyte analysis in clinical sam- 
ples has not been fully illustrated. We developed a 
dual-label immunoassay method for the simultaneous 
determination of a-fetoprotein (AFP) and free 0-human 
chorionic gonadotropin (hCG0) in human serum. 
Methods: Monoclonal antibodies immobilized on mi- 
cro titer plates captured AFP and hCG0, which were 
detected by use of Eir^-Iabeled and-AFP and Sm 3+ - 
labeled anti-hCG0 monoclonal antibodies. Eu*+ and 
Sm s * were dissociated from the immunocomplex with 
HN0 3 solution (10 mL/L) and delivered by peristaltic 
pump to the I CP mass spectrometer. 
Results: The measurable ranges of AFP and hCG/J were 
4.6-500 and 5.0-170 pg/L, respectively, with detection 
limits of 1.2 and 1.7 /ig/L (3 SD above mean of zero 
calibrator), respectively. The intraassay imprecision 
(CV) for AFP was 8.3%, 4.0%, and 2.7% at 163, 86, and 
354 fig/L, respectively, and the interassay CV was 10%, 
5.7%, and 3.5%. For hCG/3, the intraassay CV was 5.4%, 
6.4%, and 3.1%, respectively, at 105, 45.2, and 105 pg/L, 
and the interassay CV was 7.2%, 8.0%, and 3.7%. Com- 
parison with IRMAs for AFP and hCG0 yielded corre- 
lation coefficients (r 2 ) of 0.97 and 0.95. 
Conclusions: Two proteins can be measured simulta- 
neously by immunoassays using two rare earth elemen- 
tal tags (Eu*+ and Sm 3+ ) and ICP-MS detection. The 
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multielement capability and the multiple potential ele- 
mental labels make ICP-MS attractive for multianalyte 
immunoassays. Implementation of ICP-MS-linked im- 
munoassays may be relatively straightforward because 
the labeling and immun ore action procedures have been 
well developed for clinical time-resolved immunoflu- 
orometric assays. 

© 2004 American Association for Clinical Chemistry 

Simultaneous multianalyte determinations are important 
for biological studies (1-5). Various multianalyte methods 
have been developed. Multianalyte immunoassays 
present several advantages/ such as reduced analysis 
time, rnirurnized repetitions of tedious procedures, and 
lower cost per test (6). Typically, these multianalyte 
immunoassay methods involve the use of more than one 
label. Although several kinds of labels, such as radiolabels 
or fluorescent, enzyme, or metal ion labels, have been 
used in the multianalyte immunoassays, the lanthanide 
chelate labels with time-resolved fluorescence detection 
are particularly attractive because of high sensitivity and 
other advantages (7-9). Recently, quantum dots such as 
CdSe have attracted attention because they can be pre- 
pared in a variety of sizes and their fluorescent properties 
are dependent on the size of the quantum dot (20, 11). 
Having several quantum dots that all fluoresce at distinct 
wavelengths under identical excitation offers a dramatic 
advantage over fluorescence based on organic molecules, 
but the use of quantum dots in multiplexing are limited 
by the number of spectrally distinct species that can be 
prepared. Color-coded microspheres overcome many of 
the shortcomings of quantum dots because several hun- 
dred spectrally different types of beads can be prepared 
(121 Unfortunately, this labeling system is limited by the 
number of spectrally distinguished fluorophores, and its 
use for analyte quantification has encountered difficulties 
(13). Barcode labels circumvent the problems of fluoro- 
phores and quantum dots (14-16), However, the prepa- 
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ration of barcode or bio-barcode labels is cumbersome, . 
and the automated quantitative analysis soil has some 
difficulties. In summary, the limitations to the reported 
approaches in the literatures for mulrianalyte determina- 
tion include difficulty in finding a sufficient number of . 
suitable labels that can be prepared easily and can be 
detected distinctly with similar sensitivities by a single 
detection technique. 

Inductively coupled plasma mass spectrometry (ICP- ' 
MS)/ a powerful technique for the simultaneous determi- 
nation of multiple elements with minimal pretreatment of 
samples, offers excellent sensitivity for a wide range of 
elements. The combination of ICP-MS with immunoas- 
says enables analysis of biological materials (17-23). Bara- 
nov et al. (18) described several novel ICP-MS-linked 
immunoassays that use both nanogold and lanthanide- 
tagged antibodies. Commonly used immunoaffinity sep- 
aration techniques have been successfully coupled to 
ICP-MS to measure the concentrations of target proteins 
in complex biological samples. Parallel studies carried out 
in our laboratory used thyroid-stimulating hormone and 
thyroxine as model compounds to demonstrate the poten- 
tial of ICP-MS as a detector for the Eu 3+ that is attached to 
an immunoreagent (19, 20). We also established a sand- 
wich-type immunoreaction coupled to ICP-MS with col- 
loidal gold nanoparticle-labeled antibody (21). The mea- 
surement of multiple proteins simultaneously by use of 
distinguishable element-tagged antibodies with ICP-MS 
has been illustrated by Quinn et al. (23), who used 
colloidal gold and Eu 3+ as labels. As an excellent element- 
specific detection technique, the detection limits of 
ICP-MS for most elements range from parts per billion to 
parts per trillion, or even lower. Elements such as rare 
earths and noble metals, as well as some of the transition 
metals, have the highest sensitivity with detection limits 
down to 0.01-0.1 ng/L (24). Those elements, their stable 
isotopes, or the unique combination of them are candi- 
dates for labeling bioactive molecules, especially those 
that occur at naturally low concentrations in the body and 
environment However, the value of ICP-MS-based im- 
munoassays in clinical analysis has not been fully under- 
stood, and further research in this area is needed for the 
use of this methodology in practical applications. 

a-Fetoprotein (AFP) and 0-human chorionic gonado- 
tropin (hCG/3) are important tumor markers and also 
serve as aids in prenatal detection of fetal malformations 
(25-28). Numerous immunologic methods for determin- 
ing AFP and hCG/3 concentrations have been described 
(29-35), but few methods other than time-resolved im- 
munofluorometric assays and enzyme immunoassays can 
measure them simultaneously (28, 36, 37). In this report, 
we demonstrate the simultaneous measurement of AFP 



1 Nonstandard abbreviations: ICP-MS, inductively coupled plasma mass 
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and hCG/3 in clinical sample with ICP-MS as the end- 
point detection method. The commonly used elements in 
the present study, Eu 3 * and Sm 3+ , have detection limits 
down to 0.01 ng/L in ICP-MS with good biocompatibility 
and state-of-the-art bioconjugation methods. The pro- 
posed method shows the potentially powerful capability 
of ICP-MS-based mulrianalyte immunoassay for clinical 
use. 

Materials and Methods 

REAGENTS AND BUFFERS 

AFP, hCG0, mouse monoclonal anti-AFP IgG, and mouse 
monoclonal anti-hCG0 IgG for labeling or immobilization 
were from Scripps Laboratories. We used purified water 
(18 MH/cm) for all experiments. N'-J^-Isothiocyanato- 
benzyll-diemylene-triamme-^^^A^-tetraaceta te eu- 
ropium and N'-|p-isothiocyanato-benzyll-diethylene-tri- 
arnme-N'J^J^J^-tetraacetate-samarium were from 
Tianjing Radio Medical Institute. Microtiter strips were 
obtained from NUNC Co. Superpurity HN0 3 was ob- 
tained from Beijing Chemical Reagents Institute. Other 
regents were of analytical grade. 

The coating buffer was 100 mmol/L sodium carbonate 
buffer (pH 95) containing 9 g/L Nad and 0.4 g/L NaN 3 . 
The blocking buffer was 50 mmol/L Tris-HCl (pH 7.0) 
containing 9 g/L NaCl, 0.4 g/L NaN* and 10 g/L bovine 
serum albumin. The assay buffer was 50 mmol/L Tris- 
HCl (pH 7.8) containing 20 g/L bovine serum albumin, 
0.4 g/L NaN* 9 g/L NaCl, and 0.4 mL/L Tween 20. The 
wash buffer was 50 mmol/L Tris-HCl (pH 7.4) containing 
0.4 g/L NaN* 9 g/L NaCl, and 0.4 mL/L Tween 20. 

INSTRUMENTATION 

We used a Perkin-Elmer/Sciex Elan 6000 ICP mass spec- 
trometer fitted with, a cross-flow nebulizer. The instru- 
ment settings were optimized daily. Typically, nebulizer 
gas flow was 1.02 L/rnin, lens voltage was 8 V, and radio 
frequency (RF) power was 1150 W. Peak hopping mode 
was used in the experiment. The chromatographic sepa- 
ration system included a Model EP-1 Econo Pump and a 
Model EM-1 Econo UV monitor (Bio-Rad). 

ANTIBODY LABELING 

The anti-AFP and anti-hCG0 monoclonal antibodies were 
labeled with Eu 3+ and Sm 3+ chelates, respectively. 
Briefly, 1 g/L antibody in 50 mmol/L sodium bicarbonate 
buffer (pH 9.5) was reacted with 0.35 mg of Eu 3+ or Sm 3+ 
chelate labeling reagent and incubated at 4 °C overnight. 
The Eu 3+ - or Sm^-chelate-labeled antibody was purified 
on a Sephadex G-25 column (15 X 25 cm) and eluted with 
50 mmol/L Tris-HCl buffer (pH 7.0) containing 9 g/L 
Nad and 05 g/L NaN 3 . The unlabeled Eu 3 * concentra- 
tion was determined by comparison with known Eu 3+ 
standards. The concentration of Eu 3 *-labeled anti-AFP 
monoclonal antibody was calculated as: 
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where is the absorbance of the Eu 3 "" -labeled anti-AFP 
monoclonal antibody at 280 nm, 134 is the absorbance of 
1 g/L Eu 3 * -labeled anti-AFP monoclonal antibody at 280 
nm, and 0.008 is the absorbance of 1 fimol/L Eu 3+ chelate 
at 280 nm. The conjugation yield was obtained by calcu- 
lating the ratio of the concentration of Eu^-labeled anti- 
AFP monoclonal antibody to the Eu 3+ concentration in 
the solution. The conjugation yield of Sin 3 "*" -labeled anti- 
hCG0 monoclonal antibody was calculated similarly. One 
mole of anti-AFP monoclonal antibody was labeled with 
7.1 moles of Eu 3+ chelate, whereas 1 mole of anti-hCG/3 
monoclonal antibody was labeled with 12.3 moles of Sm 3+ 
chelate. 

COATING OF MICROTTTRATION WELLS 

To immobilize the anti-AFP and anti-hCG0 monoclonal 
antibodies on the well surfaces, we added 200 yL of each 
to the wells at a concentration of 5 mg/L and allowed 
them to adsorb. The microtiter strips were washed twice 
with the wash solution, 300 jxL of blocking buffer was 
added to each well, and the strips were incubated over- 
night at 4 °C. After removal of the blocking buffer, the 
strips were stored at 4 °C in sealed bags until use. 

ASSAY PROTOCOL 

The typical sandwich format of a noncompetitive irnmu- 
nometric assay was used. The coated microtiter strip wells 
were washed twice with assay buffer, 25 /iL of calibrator 
or serum was pipetted into the well, and then 200 fiL of 
lanthanide-labeled anti-AFP and anti-hCG/3 antibodies (1 
mg/L) was added to each microtiter well Subsequently, 
the microtiter strip wells were incubated with continuous 
shaking at room temperature and then washed six times 
with wash buffer to separate the unreacted reagent from 
the microtiter strip well. We then added 200-/xL aliquots 
of HN0 3 solution (10 mL/L) to each well to dissociate the 
Eu 3+ and Sm 3+ ions from the labeled monoclonal anti- 
bodies. After 1 min of continuous shaking of the microti- 
ter strips (40 rpm) at room temperature in the TS-1 
shaking apparatus (Jiangsu), the solutions were intro- 
duced into the ICP-MS instrument by a peristaltic pump 
at a flow rate of 1 mL/min. The ,53 Eu and 152 Sm intensi- 
ties by ICP-MS were proportional to the concentrations of 
AFP and hCG/3 in the sample, respectively. 

Two determinations were performed for each sample. 
Analytical results were obtained by calculating the mean 
values of two determinations of each sample. The corre- 
lation was calculated with a linear least-squares method, 
and agreement was tested by the Student f-test 

SAMPLE COLLECTION 

Blood samples were collected from 20 patients at the 
Third Hospital of Peking University (Beijing, China), after 
the patients gave informed consent. After clotting, the 



serum and packed cells were separated by centrifugation 
at lOOOg. The serum samples were then stored at -20 °C 
under nitrogen gas until they were assayed. 

HtMA PROCEDURES 

Serum AFP and hCG0 were measured by the use of 
IRMAs (Beijing Chemclin Biotech Co., Ltd) according to 
the manufacturer's instructions. Briefly, 50 nL of calibra- 
tor or serum sample was pipetted into a coated tube, after 
which 50 fJL of ^I-labeled AFP or hCG0 antibody was 
added to each coated tube. The microtiter strip wells were 
incubated for 2 h with continuous shaking at 37 °C and 
then washed five times with water to separate the unre- 
acted reagent from the coasted tubes. The radioactivity of 
the coated tube was measured to calculate the analyte 
concentration. 

Results 

OPTIMIZATION OF INSTRUMENT SETTINGS 

The isotopes of highest abundance for both europium and 
samarium (^Eu and ,52 Sm) were chosen for this experi- 
ment We used Eu 3+ and Sin 3 * standard solutions (5 
jxg/L) to optimize key ICP-MS instrument settings, in- 
cluding RF power, nebulizer argon flow, and lens voltage. 
Trie dependence of 1S3 Eu and fe2 Sm signal intensities on 
the argon nebulizer gas flow was studied at flow rates of 
0.7-1.1 L/min. 153 Eu and 1S2 Sm behaved similarly, with a 
common peak at — 1 L/min (Fig. 1). The maximum 
intensity of l53 Eu was twice that of ^m, reflecting the 
higher abundance of 153 Eu (52.2% for 153 Eu and 26.7% for 
,5 *Sm). The chosen nebulizer gas flow (argon) for both 
^Eu and ,52 Sm was 1.02 L/min for these studies. The RF 
power and lens voltage used in this experiment were also 
optimized; the optimum values were 1150 W and 8 V, 
respectively^ 

ASSAY CHARACTERISTICS 

Calibration curve and detection limit A typical calibration 
curve is shown in Fig. 2. The measurable range for AFP 
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Fig. L Optimization of aigon gas flow in ICP-MS. 

t.^Eu; A.^Sm. Sm 3 * and Eu* + concentration, 5 pg/U RF, 1250 W; lens 

voltage, 8 V. 
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Table 2. Recoveries for AFP and hCGp by the proposed 
ICP-MS-tlnked Immunoassay. 
Sample Original, p«A Added, pg/L Measured, /ifi/l Recovery, % 



0 100 200 300 400 SOO 

AFP or hCGP concentration (yg/L) 
Fig. 2. Calibration curves for AFP (•) and hCG/3 (■). 

was 4.6-500 u-g/L, and that for hCG0 was 5.0-170 jig/L. 
The regression equations for the calibration curves were: 
I = 0.16c + 0.06 for AFP (r 2 = 0.9984) and I « 0.52c + 0.96 
for hCG0 (R 2 « 0.9987), where lis the relative intensity of 
the ICP-MS signal, and c is the concentration. The lower 
limits of detection, defined as the concentrations corre- 
sponding to a signal 3 SD above the mean of 12 replicates 
of the zero calibrator, were 1.2 jmg/L for AFP and 1.7 /ig/L 
forhCG/3. 

Imprecision, The intraassay imprecision (CVs) were 
-3-8% for AFP and -3-5% for hCG0 (Table 1). The 
between-assay CVs for duplicate analyses over 6 days 
were 3.5-5.6% for AFP and 3.7-7.2% for hCG0 (Table 1). 

Recovery. The recoveries of AFP (165, 84.6, and 213 jtg/L) 
and hCG0 (6.8, 52.4, and 108 ug/L) added to samples 
(Table 2) were 90-104% and 88-110%, respectively. 

Linearity. Three serum samples with high AFP and hCG/3 
concentrations were diluted with AFP- and hCG/3-free 
human serum. Measured concentrations were 90.8-119% 
of expected concentrations (Table 3). 

Comparison with IRMA. Comparisons with IRMAs for 
AFP and hCGjS are shown in Figs. 3 and 4, respectively. 

Table 1. Within- and between-essay Imprecision for AFP 
and hCG/J. 

RelatM» SD,** 



Concentration, f*/L 
AFP 16.3 
86.2 
354.0 

hCG0 10.5 
45.2 
105.0 

* n m 6. Betweervessay stuty used 



Wlthliiaaaay 

8.3 9.6 

4.0 5.7 
2.7 3,5 

5.4 7.2 
6.4 8.0 

3.1 3.7 
means of dafy duplicates. 



AFP 


16.5 


48.0 


66.5 


104 




84.6 


48.0 


128 


90 




213 


48.0 


260 


98 


hCG/3 


6.8 


25.0 


28.9 


88 




52.4 


25.0 


80 


110 




108 


25.0 


132 


96 



The regression equations were: y - 

0.86x + 6.9jtg/L(r 2 = 
0.97) for AFP and y = l.OOx - 0.64 jig/L (r 2 = 0.95) for 
hCG0. The standard deviation of the residuals was 4.1 
fig/L for AFP (n = 20) and 3.3 fig/L for hCGjB (n = 20), 
respectively. The mean results were not significantly 
different (Student Mest). 

STABILITIES OF L ANTH A NIDE-LABELED MONOCLONAL 
ANTIBODIES 

We studied the stabilities of lanthanide-labeled mouse 
monoclonal anti-AFP IgG and mouse monoclonal anti- 
hCG0 IgG by storing each antibody (at 50 mg/L) at 4 °C 
for 1 week, 4 weeks, and 3 months before they were used 
in the assay. The calibration curves obtained were com- 
pared with the calibration curve obtained before the start 
of the storage experiment. No significant decrease in 
activity was observed. 

Discussion 

The most striking features of ICP-MS are its superior 
sensitivity for a wide range of elements and its ability to 
determine the isotope composition of a sample with 
pretreatment procedures that are less cumbersome man 
those for other MS techniques. However, the application 
of ICP-MS to biological fluid and tissue samples has been 
limited to the investigation of elements present in ultra- 
trace amounts (38,39). ICP-MS analyses of biological 
samples need not be limited to analytes mat include metal 
elements. The recent development of metal-tagged anti- 
bodies, which are designed for time-resolved immunoflu- 
orometric assays, makes possible the use of ICP-MS in 
immunoassays. Antigens of interest are reacted with their 
complementary metal-tagged antibodies. After separation 

Table 3. Linearity as tested by dilutions of samples with 
AFP- and hCG£free human serum. 

Percentage of expected concentration 



AFP 



hCG0 



OrfeftMl 

lecntratbn, 


2-foid 
dilution 


44otd 
dilution 


SfeJd 

dilution 


lfrfold 
dilution 


324old 
dilution 


43.5 


95 


106 


94 


110 




84.6 


94 


106 


103 


91 




213 


95 


100 


97 


101 


92 


36.8 


97 


102 


109 






75.1 


104 


95 


109 


96 




134 


104 


103 


95 


108 


119 
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Fig. 3. Relationship between the proposed method and IRMA for AFP in 
human serum. 

from nonreacting proteins, the elemental tags conjugated 
to the antibodies are measured by ICP-MS to determine 
the antigen concentrations in the samples (18-20), Be- 
cause no special fluorescent properties are needed, the 
potential elemental labels for ICP-MS-linked immunoas- 
say are not limited to the four lanthanides (Eu 3+ , Sin 3 *, 
Tb 3 +, and Dy 3 *). 

The labels for ICP-MS-linked immunoassay should 
possess the properties of (a) having a highly sensitive 
response in ICP-MS and being free from spectral interfer- 
ence; (b) occurring at naturally low concentrations in the 




& M M 

Fig. 4. Relationship between the proposed method and the IRMA for 
hCG£ in human serum. 



body and environment; and (c) having good biocompat- 
ibility and the ability to easily conjugate to biomolecules. 
On the basis of the above criteria, rare earth elements, 
such as europium, samarium, terbium, and dysprosium, 
can be considered ideal labels for ICP-MS-linked immu- 
noassay because these elements offer good biocompatibil- 
ity and are easily conjugated to biomolecules. Another 
advantage of the use of these elements as labels is that 
they offer high sensitivity for trace species in biological 
samples, which can satisfy the requirement of routine 
clinical analysis. In addition, a low background can be 
expected because these elements hardly exist in biological 
fluids or tissues. Those properties have been well demon- 
strated by many reports ' on time-resolved fluorescent 
immunoassays (7-9). 

The other rare earth elements, including lutetium, 
yttrium, lanthanum, cesium, praeseodymium, neody- 
mium, gadolinium, holmium, erbium, thulium, ytter- 
bium, and scandium, would also be potentially applied to 
ICP-MS-linked immunoassays because they could satisfy 
the first and second criteria mentioned above. Methods 
for their bioconjugation, however, have not been devel- 
oped to the best of our knowledge. Noble metals, such as 
gold and ruthenium, would also be candidates for labels 
because ICP-MS can measure them at very low concen- 
trations and they have been used in immunoassays with 
spectrometric and electrochemical detection. The other 
noble metals, such as silver, could also be determined 
sensitively by ICP-MS, but their biocompatibility is not 
satisfactory when conjugated to proteins. Some of the 
transition metals, such as iron, cobalt, and copper, can be 
measured with high sensitivity by ICP-MS, but these 
elements may also exist in biological fluids to some extent. 
Spectral interference may also be a problem, especially for 
the determination of iron-labeled biomolecules. 

Quinn et al. (23) have discussed the simultaneous 
detenrunation of two proteins with ICP-MS using nano- 
gold dusters and Eu 3+ as labels. One of the disadvantages 
of using nanogold clusters in this method is mat gold has 
a high affinity for the surfaces of a typical ICP-MS sample 
introduction system, as pointed out by the authors. An- 
other disadvantage is that the responses of nanogold 
dusters and Eu 3+ in ICP-MS are not consistent, and two 
internal standards, iridium and holmium, must be used. 
Because lanthanides are a group of dosely related ele- 
ments having similar physical and chemical properties, a 
single or at most two internal standards are suffident to 
control for instrumental drift for the determination of all 
of the lanthanides. Eu 3 * and Sm 3+ are used in the present 
study because, among all the elements in the periodic 
table, lanthanides are the most sensitively detected by 
ICP-MS, with detection limits down to 0.01 ng/L, and 
because they occur at very low concentrations in body 
fluids and the environment. 

The detection limits of time-resolved immunofluoro- 
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metric assays for the simultaneous determination of AFP 
and hCG0 with lanthanide chelates are 0.025 jxg/L for 
AFP and *02 /xg/L for hCG0 (36). The detection limits of 
the lanthanide-labeled ICP-MS-linked immunoassay were 
1.2 fig/L for AFP and 1.7 /ig/L for hCG/5. The ratio of 
labeled lanthanide to corresponding antibody is an im- 
portant factor affecting the sensitivity of detection of the 
ICP-MS-linked immunoassay because the ICP-MS signal 
intensity is linearly proportional to the number of atoms 
of the tags. It is possible that the detection limit of the 
present method can be improved by multiple labeling, m 
practice, however, improving the detection limit of an 
immunoassay by increasing the number of labels attached 
to an antibody has been limited because of the interfer- 
ence of the bulky labels in antibody-antigen binding and 
the increased traction of nonspecific binding. In the 
present study, 1 mole of antkAFP monoclonal antibody 
was labeled with 7.1 moles of Eu 3 *, whereas the anti- 
hCG0 monoclonal antibody was labeled with 12.3 moles 
of Sm 3+ . As indicated in the Results, the maximum inten- 
sity of l53 Eu is twice that of l52 Sm at the same concentra- 
tion because the natural abundance of lS3 Eu is approxi- 
mately twice that of ,52 Sm, and we used those ratios only 
for the convenience of data processing. The nanop article- 
antibody bioconjugates provide a novel solution for this 
problem without compromising the binding affinity. 

When measuring the element tags by MS, the signal 
enhancement is proportional to the number of atoms of 
the tag isotope. Because nanoparticles have significant 
numbers of atoms per conjugate, the increase in sensitiv- 
ity is obvious. In a previous work, we developed an 
immunoassay by coupling a sandwich-type immunoreac- 
tion to ICP-MS with colloidal gold nanoparticles as labels 
on goat anti-rabbit IgG (21 ). In their study, another group 
showed that different immunoassay methods, such as 
centrifugal filtration, protein A affinity, and size-exclu- 
sion gel filtration, can be linked with ICP-MS immuno- 
assays using nanogold cluster labels (18). However, the 
use of colloidal gold or nanogold clusters as labels is 
limited by constrains of specificity and immunoreactivity, 
and continuing efforts to alleviate the nonspecific binding 
are required for further improvements in sensitivity. 

An alternative method is to use lanthanide-dye-conju- 
gated polystyrene nanoparticles as labels; these types of 
nanoparticles were used recently in a time-resolved im- 
munofluorometric assay and had the advantages of en- 
hanced monovalent binding affinity and a high specific 
activity for the nanoparticle-antibody bioconjugate 
(40, 41). The nanop article, 107 run in diameter, contained 
>30 000 europium atoms and could be used in ICP-MS- 
linked immunoassays to improve the detection limit with- 
out the problems of diminished activity and specificity. It 
can therefore be inferred that element-labeled ICP-MS 
immunoassays can provide sensitivities comparable to 
those for time-resolved immunofluorometric assays with 
the potential for use in multianalyte determinations incor- 
porating large numbers of tags. 



ICP-MS-linked immunoassays have many advantages 
over conventional time-resolved immunofluorometric as- 
says (18). ICP-MS-linked immunoassays do not require 
addition of enhancement solution, as time-resolved im- 
munofluorometric assays do, because the lanthanides 
themselves are detected directly. The dissociation of lan- 
thanides from antigen-antibody complexes by acidifica- 
tion enables long-term storage before analysis, simplify- 
ing assay protocols. The inherent ability of ICP-MS to 
remain free from interference by organic or inorganic 
species makes the operational procedure easier. The im- 
munoassay steps are the same as for time-resolved fluo- 
rescence except for the detection step. After immunoreac- 
tion, enhancement solution is added to the microtiter strip 
well, which is shaken for 5 min to allow the formation of 
fluorescent complex for time-resolved fluorescence detec- 
tion, whereas HNO3 solution (10 mL/L) is added to 
dissociate Eu 3 * and Sm 3+ ions from the labeled monoclo- 
nal antibodies for ICP-MS detection. Because the immu- 
noreaction steps of the two methods are identical, their 
analytical throughput is the key for comparing their 
analytical ability. The throughput of time-resolved fluo- 
rescence is 1-2 s/sample with automated instruments. In 
the present study, the throughput was ~1 min/ sample 
for two elements. One of the reasons for the lower 
throughput of the ICP-MS detection immunoassay is that 
the sampling system was not designed specifically for 
immunoassays. The advantage of ICP-MS is its ability to 
analyze multiple analytes, not its analysis speed, com- 
pared with time-resolved fluorescence. Because the anti- 
body preparation and immnunoreaction steps m the ICP- 
MS-linked immunoassay are the same as those in time- 
resolved immunofluorometric assays, which are familiar 
to clinical analysts, this method can be easily accepted and 
used by clinical chemists. 

One of the promising applications of element-labeled 
immunoassay combined with ICP-MS detection is in the 
development of Sl-traceable primary methods for inter- 
laboratory comparisons and quality assurance by so- 
called isotope dilution. Isotope dilution is a calibration 
technique based on altering the natural relative abun- 
dance of two stable isotopes by adding a known amount 
of an enriched isotope of the analyte to the sample (42). 
Measurement of this altered ratio allows very accurate 
quantification because the added enriched isotope acts 
analogously to an ideal internal standard. The uncertainty 
of the exact isotopic ratio, the amount of the enriched 
analyte added, and the weight or volume of the sample 
are the only sources of error that can affect the results. 
Therefore, isotope-dilution analysis provides a definitive 
technique and absolute quantification with excellent pre- 
cision and accuracy compared with other analytical meth- 
ods. The possibility of using an isotope dilution in the 
present method has been under investigation in our 
laboratory. 
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Background: An inductively coupled plasma mass spec- 
trometry (lCP-MS)-based immunoassay has been pro- 
posed independently by Baranov et al. {Anal Chem 
2002;74:1629-36) and our group, but the applicability of 
this method for multianalyte analysis in clinical sam- 
ples has not been fully illustrated. We developed a 
dual-label immunoassay method for the simultaneous 
determination of a-i etoprotein (AFP) and free 0-human 
chorionic gonadotropin (hCG0) in human serum. 
Methods: Monoclonal antibodies immobilized on mi- 
cro titer plates captured AFP and hCG0, which were 
detected by use of Eir^-labeled anti-AFP and Sm s +- 
labeled anti-hCG0 monoclonal antibodies. Eu s+ and 
Sm 3+ were dissociated from the immunocomplex with 
HNO a solution (10 mL/L) and delivered by peristaltic 
pump to the I CP mass spectrometer. 
Results: The measurable ranges of AFP and hCG0 were 
4.6-500 and 5.0-170 jig/L, respectively, with detection 
limits of 1.2 and 1.7 /ig/L (3 SD above mean of zero 
calibrator), respectively. The intraassay imprecision 
(CV) for AFP was 83%, 4.0%, and 2.7% at 163, 86, and 
354 fig/L, respectively, and the interassay CV was 10%, 
5.7%, and 3.5%. For hCGfr the intraassay CV was 5.4%, 
6.4%, and 3.1%, respectively, at 103, 45.2, and 105 f*g/L, 
and the interassay CV was 7.2%, 8.0%, and 3.7%. Com- 
parison with IRMAs for AFP and hCG0 yielded corre- 
lation coefficients (r 2 ) of 0.97 and 0.95. 
Conclusions: Two proteins can be measured simulta- 
neously by immunoassays using two rare earth elemen- 
tal tags (Eu s * and Sm 3 *) and ICP-MS detection. The 
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multielement capability and the multiple potential ele- 
mental labels make ICP-MS attractive for multianalyte 
immunoassays. Implementation of ICP-MS-linked im- 
munoassays may be relatively straightforward because 
the labeling and imxnunoreaction procedures have been 
well developed for clinical time-resolved immunofiu- 
orometric assays. 

© 2004 American Association for Clinical Chemistry 

Simultaneous multianalyte determinations are important 
for biological studies (1-5). Various multianalyte methods 
have been developed. Multianalyte immunoassays 
present several advantages, such as reduced analysis 
time, minimized repetitions of tedious procedures, and 
lower cost per test (6). Typically, these multianalyte 
immunoassay methods involve the use of more than one 
label. Although several kinds of labels, such as radiolabels 
or fluorescent, enzyme, or metal ion labels, have been 
used in the multianalyte immunoassays, the lanthanide 
chelate labels with time-resolved fluorescence detection 
are particularly attractive because of high sensitivity and 
other advantages (7-9). Recently, quantum dots such as 
CdSe have attracted attention because they can be pre- 
pared in a variety of sizes and their fluorescent properties 
are dependent on the size of the quantum dot (10, 11). 
Having several quantum dots that all fluoresce at distinct 
wavelengths under identical excitation offers a dramatic 
advantage over fluorescence based on organic molecules, 
but the use of quantum dots in multiplexing are limited 
by the number of spectrally distinct species that can be 
prepared. Color-coded microspheres overcome many of 
the shortcomings of quantum dots because several hun- 
dred spectrally different types of beads can be prepared 

(12) . Unfortunately, this labeling system is limited by the 
number of spectrally distinguished fluorophores, and its 
use for analyte quantification has encountered difficulties 

(13) . Barcode labels circumvent the problems of fluoro- 
phores and quantum dots (14-16). However, the prepa- 
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ration of barcode or bio-barcode labels is cumbersome, . 
and die automated quantitative analysis still has some 
difficulties. In summary, the limitations to the reported 
approaches in the literatures for multianalyte determina- 
tion include difficulty in finding a sufficient number of 
suitable labels that can be prepared easily and can be 
detected distinctly with similar sensitivities by a single 
detection technique. 

Inductively coupled plasma mass spectrometry (ICP- ' 
MS), 1 a powerful technique for the simultaneous determi- 
nation of multiple elements with minimal pretreatment of 
samples, offers excellent sensitivity for a wide range of 
elements. The combination of ICP-MS with immunoas- 
says enables analysis of biological materials (17-23). Bara- 
nov et al. (18) described several novel ICP-MS-linked 
immunoassays that use both nanogold and lanthanide- 
tagged antibodies. Commonly used immunoaffinity sep- 
aration techniques have been successfully coupled to 
ICP-MS to measure the concentrations of target proteins 
in complex biological samples. Parallel studies carried out 
in our laboratory used thyroid-stimulating hormone and 
thyroxine as model compounds to demonstrate the poten- 
tial of ICP-MS as a detector for the Eu 3+ that is attached to 
an immunoreagent (19, 20). We also established a sand- 
wich-type immunoreaction coupled to ICP-MS with col- 
loidal gold nanoparticle-labeled antibody (21). The mea- 
surement of multiple proteins simultaneously by use of 
distinguishable element-tagged antibodies with ICP-MS 
has been illustrated by Quinn et al (23), who used 
colloidal gold and Eu 3 * as labels. As an excellent element- 
specific detection technique, the detection limits of 
ICP-MS for most elements range from parts per billion to 
parts per trillion, or even lower. Elements such as rare 
earths and noble metals, as well as some of the transition 
metals, have the highest sensitivity with detection limits 
down to 0.01-0.1 ng/L (24). Those elements, their stable 
isotopes, or the unique combination of them are candi- 
dates for labeling bioactive molecules, especially those 
that occur at naturally low concentrations in the body and 
environment However, the value of ICP-MS-based im- 
munoassays in clinical analysis has not been fully under- 
stood, and further research in this area is needed for the 
use of this methodology in practical applications. 

a-Fetoprotein (AFP) and 0-human chorionic gonado- 
tropin (hCG0) are important tumor markers and also 
serve as aids in prenatal detection of fetal malformations 
(25-28). Numerous immunologic methods for determin- 
ing AFP and hCG0 concentrations have been described 
(29-35), but few methods other man time-resolved im- 
munofluorometric assays and enzyme immunoassays can 
measure them simultaneously (28, 36, 37). In this report, 
we demonstrate the simultaneous measurement of AFP 



1 Nonstandard abbreviations: ICP-MS, inductively coupled plasma mass 
spectrometry; AFP, ^fetoprotein; hCG£ p-human chorionic gonadotropin; 
and RF, radio frequency. 



and hCG/3 in clinical sample with ICP-MS as the end- 
point detection method. The commonly used elements in 
the present study, Eu 3 * and Sm 3+ , have detection limits 
down to 0.01 ng/L in ICP-MS with good biocompatibility 
and state-of-the-art bioconjugation methods. The pro- 
posed method shows the potentially powerful capability 
of ICP-MS-based multianalyte immunoassay for clinical 
use. 

Materials aitd Methods 

REAGENTS AND BUFFERS 

AFP, hCG0, mouse monoclonal anti-AFP IgG, and mouse 
monoclonal anti-hCG0 IgG for labeling or immobilization 
were from Scripps Laboratories. We used purified water 
(18 MO/cm) for all experiments. AT-[p-Isothiocyanato- 
benzylj-ctiemylene-triainme^ eu- 
ropium and N'-[pisothiocyanato-benzyl]-diethylene-tri- 
amme-N'^^^-tetraacetate-samarium were from 
Tianjing Radio Medical Institute. Microtiter strips were 
obtained from NUNC Co. Superpurity HN0 3 was ob- 
tained from Beijing Chemical Reagents Institute. Other 
regents were of analytical grade. 

The coating buffer was 100 mrriol/L sodium carbonate 
buffer (pH 95) containing 9 g/L Nad and 0.4 g/L NaN 3 . 
The blocking buffer was 50 mmol/L Tris-HCl (pH 7.0) 
containing 9 g/L NaCl, 0.4 g/L NaN* and 10 g/L bovine 
serum albumin. The assay buffer was 50 mmol/L Tris- 
HCl (pH 7.8) containing 20 g/L bovine serum albumin, 
0.4 g/L NaNj, 9 g/L NaCl, and 0.4 mL/L Tween 20. The 
wash buffer was 50 mmol/L Tris-HCl (pH 7.4) containing 
0.4 g/L NaN* 9 g/L NaCl, and 0.4 mL/L Tween 20. 

INSTRUMENTATION 

We used a Perkin-Elmer/Sciex Elan 6000 ICP mass spec- 
trometer fitted with a cross-flow nebulizer. The instru- 
ment settings were optimized daily. Typically, nebulizer 
gas flow was 1.02 L/min, lens voltage was 8 V, and radio 
frequency (RF) power was 1150 W. Peak hopping mode 
was used in the experiment. The chromatographic sepa- 
ration system included a Model EP-1 Econo Pump and a 
Model EM-1 Econo UV monitor (Bio-Rad). 

ANTIBODY LABELING 

The anti-AFP and anti-hCG0 monoclonal antibodies were 
labeled with Eu 3+ and Sm 3+ chelates, respectively. 
Briefly, 1 g/L antibody in 50 mmol/L sodium bicarbonate 
buffer (pH 9.5) was reacted with 0.35 mg of Eu 3+ or Sm 3+ 
chelate labeling reagent and incubated at 4 °C overnight. 
The Eu 3+ - or Sm 3+ -chelate-labeled antibody was purified 
on a Sephadex G-25 column (15 X 25 cm) and eluted with 
50 mmol/L Tris-HCl buffer (pH 7.0) cemtaining 9 g/L 
Nad and 0.5 g/L NaN 3 . The unlabeled Eu 3 + concentra- 
tion was determined by comparison with known Eu 3 * 
standards. The concentration of Eu 3+ -labeled anti-AFP 
monoclonal antibody was calculated as: 
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c = ■ 



^-aOOSCf^ 
134 



where is the absorbance of the Eu 3 " 1 " -labeled anti-AFP 
monoclonal antibody at 280 ran, 134 is the absorbance of 
1 g/L Bu^-labeled anti-AFP monoclonal antibody at 280 
nm, and 0.008 is the absorbance of 1 juunol/L Eu 3+ chelate 
at 280 ran. The conjugation yield was obtained by calcu- 
lating the ratio of the concentration of Eu^-labeled anti- 
AFP monoclonal antibody to the Eu 3 * concentration in 
the solution. The conjugation yield of Sm 3+ -Iabeled anti- 
hCG/3 monoclonal antibody was calculated similarly. One 
mole of anti-AFP monoclonal antibody was labeled with 
7.1 moles of Eu 3 * chelate, whereas 1 mole of anti-hCG0 
monoclonal antibody was labeled with 12.3 moles of Sm 3+ 
chelate. 

COATING OF MICROTTTRATION WELLS. 

To immobilize the anti-AFP and anti-hCG/3 monoclonal 
antibodies on the well surfaces, we added 200 fiL of each 
to the wells at a concentration of 5 mg/L and allowed 
them to adsorb. The microtiter strips were washed twice 
with the wash solution, 300 /xL of blocking buffer was 
added to each well and the strips were incubated over- 
night at 4 °C. After removal of the blocking buffer, the 
strips were stored at 4 °C in sealed bags until use. 

ASSAY PROTOCOL 

The typical sandwich format of a noncompetitive immu- 
nometric assay was used. The coated microtiter strip wells 
were washed twice with assay buffer, 25 fiL of calibrator 
or serum was pipetted into the well, and then 200 /xL of 
lanthanide-labeled anti-AFP and anti-hCG0 antibodies (1 
mg/L) was added to each microtiter well Subsequently, 
the microtiter strip wells were incubated with continuous 
shaking at room temperature and then washed six times 
with wash buffer to separate the unreacted reagent from 
the microtiter strip well. We then added 200-fiL aliquots 
of HN0 3 solution (10 mL/L) to each well to dissociate the 
Eu 3+ and Sm 3+ ions from the labeled monoclonal anti- 
bodies. After 1 min of continuous shaking of the microli- 
ter strips (40 rpm) at room temperature in the TS-1 
shaking apparatus (Jiangsu), the solutions were intro- 
duced into the ICP-MS instrument by a peristaltic pump 
at a flow rate of 1 mL/min. The 153 Eu and l52 Sm intensi- 
ties by ICP-MS were proportional to the concentrations of 
AFP and hCG0 in the sample, respectively. 

Two determinations were performed for each sample. 
Analytical results were obtained by calculating the mean 
values of two deternunations of each sample. The corre- 
lation was calculated with a linear least-squares method, 
and agreement was tested by the Student r-test 

SAMPLE COLLECTION 

Blood samples were collected from 20 patients at the 
Third Hospital of Peking University (Beijing, China), after 
the patients gave informed consent After clotting, the 



serum and packed cells were separated by centrirugation 
at lOOQg. The serum samples were then stored at -20 °C 
under nitrogen gas until they were assayed. 

IRMA PROCEDURES 

Serum AFP and hCG/3 were measured by the use of 
IRMAs (Beijing Chemclin Biotech Co., Ltd) according to 
the manufacturer's instructions. Briefly, 50 mL of calibra- 
tor or serum sample was pipetted into a coated tube, after 
which 50 /iL of ^I-labeled AFP or hCG0 antibody was 
added to each coated tube. The microtiter strip wells were 
incubated for 2 h with continuous shaking at 37 °C and 
then washed five times with water to separate the unre- 
acted reagent from the coated tubes. The radioactivity of 
the coated tube was measured to calculate the analyte 
concentration. 

Results 

OPTIMIZATION OF INSTRUMENT SETTINGS 
The isotopes of highest abundance for both europium and 
samarium ( lS3 Eu and 152 Sm) were chosen for mis experi- 
ment. We used Eu 3+ and Sm 3 "" standard solutions (5 
Mg/L) to optimize key ICP-MS instrument settings, in- 
cluding RF power, nebulizer argon flow, and lens voltage. 
The dependence of 153 Eu and ^Sm signal intensities on 
the argon nebulizer gas flow was studied at flow rates of 
0,7-1.1 L/min. l53 Eu and 1S2 Sm behaved similarly, with a 
common peak at - 1 L/min (Fig. 1). The maximum 
intensity of 153 Eu was twice that of lS2 Sm, reflecting the 
higher abundance of lS3 Eu (52.2% for ,S3 Eu and 26.7% for 
,5 *Sm). The chosen nebulizer gas flow (argon) for bom 
,S3 Eu and l52 Sm was 1.02 L/min for these studies. The RF 
power and lens voltage used in this experiment were also 
optimized; the optimum values were 1150 W and 8 V, 
respectively^ 

ASSAY CHARACTERISTICS 

Calibration curve and detection limit. A typical calibration 
curve is shown in Fig. 2. The measurable range for AFP 
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Fig. L Optimization of argon gas flow in ICf^MS. 
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AFP or hCGp concentration (pg/L) 
Rg. 2. Calibration curves for AFP (•) and hCGjB (■). 

was 4.6-500 fig/L, and that for hCG0 was 5.0-170 Mg/L- 
The regression equations for die calibration curves were: 
J = 0.16c + 0.06 for AFP (r 2 = 0.9984) and J •» 0.52c + 0.96 
for hCG0 (R 2 - 0.9987), where J is the relative intensity of 
the ICP-MS signal, and c is the concentration. The lower 
limits of detection, defined as the concentrations corre- 
sponding to a signal 3 SD above the mean of 12 replicates 
of the zero calibrator, were 1.2 jxg/L for AFP and 1.7 j*g/L 
forhCG0. 

Imprecision. The intraassay imprecision (CVs) were 
-3-8% for AFP and -3-5% for hCG0 (Table 1). The 
between-assay CVs for duplicate analyses over 6 days 
were 3.5-5.6% for AFP and 3.7-7.2% for hCG0 (Table 1). 

Recovery. The recoveries of AFP (16.5, $4.6, and 213 jig/L) 
and hCG0 (6.8, 52.4, and 108 ng/L) added to samples 
(Table 2) were 90-104% and 88-110%, respectively. 

Linearity. Three serum samples with high AFP and hCG0 
concentrations were diluted with AFP- and hCG/J-free 
human serum. Measured concentrations were 90.8-119% 
of expected concentrations (Table 3). 

Comparison with IRMA. Comparisons with IRMAs for 
AFP and hCG0 are shown in Figs. 3 and 4, respectively. 

Table jL Within- and betweermssay Imprecision for AFP 
and hCG0. 

Relative SD,*% 



Table 2. Recoveries for AFP and hCG/3 by the proposed 
ICfMVIS-Jinked Immunoassay. 
Sample Original, pgA Added, fig/L Measured, p&l Recovery, % 
AFP 16.5 48.0 66.5 104 
84.6 48.0 128 90 
213 48.0 260 98 
hCG/3 63 25.0 28.9 88 
5Z4 25.0 80 110 
108 25 I 0 132 96 

The regression equations were: y = 0.86x + 6.9 ftg/L (r 2 = 
0.97) for AFP and y = 1.00* - 0.64 u.g/L (r 2 = 0.95) for 
hCG/3. The standard deviation of the residuals was 4.1 
jig/L for AFP (n = 20) and 3.3 /xg/L for hCG0 (n - 20), 
respectively. The mean results were not significantly 
different (Student Mest). 

STABILITIES OF LANTHANTDB-LABBLBO MONOCLONAL 
ANTIBODIES 

We studied the stabilities of lanthanide-labeled mouse 
monoclonal anti-AFP IgG and mouse monoclonal anti- 
hCG0 IgG by storing each antibody (at 50 mg/L) at 4 °C 
for 1 week, 4 weeks, and 3 months before they were used 
in the assay. The calibration curves obtained were com- 
pared with the calibration curve obtained before the start 
of the storage experiment. No significant decrease in 
activity was observed. 

Discussion 

The most striking features of ICP-MS are its superior 
sensitivity for a wide range of elements and its ability to 
determine the isotope composition of a sample with 
pretreatment procedures that are less cumbersome than 
those for other MS techniques. However, the application 
of ICP-MS to biological fluid and tissue samples has been 
limited to the investigation of elements present in ultra- 
trace amounts (38,39). ICP-MS analyses of biological 
samples need not be limited to analytes mat include metal 
elements. The recent development of metal-tagged anti- 
bodies, which are designed for time-resolved immunoflu- 
orometric assays, makes possible the use of ICP-MS in 
immunoassays. Antigens of interest are reacted with their 
complementary metal-tagged antibodies. After separation 

Table 3. linearity as tested by dilutions of samples with 
AFP- and hCGp-free human serum. 

Percentage of expected concentration 
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Fig. 3. Relationship between the proposed method and (RMA for AFP in 
human serum. 



from nonreacting proteins, the elemental tags conjugated 
to the antibodies are measured by ICP-MS to determine 
the antigen concentrations in the samples {18-20). Be- 
cause no special fluorescent properties are needed, the 
potential elemental labels for ICP-MS-linked immunoas- 
say are not limited to the four lanthanides (Eu 3+ , Sm 3 *, 
Tb 3 *, and Dy 3 *). 

The labels for ICP-MS-linked immunoassay should 
possess the properties of (a) having a highly sensitive 
response in ICP-MS and being free from spectral interfer- 
ence; (b) occurring at naturally low concentrations in the 

ab r 




,% ■ aa m 60 aft 

Fig. 4. Relationship between the proposed method and the I RMA for 
hCG0 in human serum. 



body and environment; and (c) having good biocompat- 
tbility and the ability to easily conjugate to biomolecules. 
On the basis of the above criteria, rare earth elements, 
such as europium, samarium, terbium, and dysprosium, 
can be considered ideal labels for ICP-MS-linked immu- 
noassay because these elements offer good biocompatibil- 
ity and are easily conjugated to biomolecules. Another 
advantage of the use of these elements as labels is that 
they offer high sensitivity for trace species in biological 
samples, which can satisfy the requirement of routine 
clinical analysis. In addition, a low background can be 
expected because these elements hardly exist in biological 
fluids or tissues. Those properties have been well demon- 
strated by many reports on time-resolved fluorescent 
immunoassays (7-9). 

The other rare earth elements, including lutetium, 
yttrium, lanthanum, cesium, praeseodymium, neody- 
mium, gadolinium, holmium, erbium, thulium, ytter- 
bium, and scandium, would also be potentially applied to 
ICP-MS-linked immunoassays because they could satisfy 
the first and second criteria mentioned above. Methods 
for their bioconjugation, however, have not been devel- 
oped to the best of our knowledge. Noble metals, such as 
gold and ruthenium, would also be candidates for labels 
because ICP-MS can measure them at very low concen- 
trations and they have been used in immunoassays with 
spectrometric and electrochemical detection. The other 
noble metals, such as silver, could also be determined 
sensitively by ICP-MS, but their biocompatibility is not 
satisfactory when conjugated to proteins. Some of the 
transition metals, such as iron, cobalt, and copper, can be 
measured with high sensitivity by ICP-MS, but these 
elements may also exist in biological fluids to some extent 
Spectral interference may also be a problem, especially for 
the determination of iron-labeled biomolecules. 

Quinn et aL (23 ) have discussed the simultaneous 
determination of two proteins with ICP-MS using nano- 
gold clusters and Eu 3 * as labels. One of the disadvantages 
of using nanogold clusters in this method is that gold has 
a high affinity for the surfaces of a typical ICP-MS sample 
introduction system, as pointed out by the authors. An- 
other disadvantage is that the responses of nanogold 
clusters and Eu 3+ in ICP-MS are not consistent, and two 
internal standards, iridium and holmium, must be used. 
Because lanthanides are a group of closely related ele- 
ments having similar physical and chemical properties, a 
single or at most two internal standards are sufficient to 
control for instrumental drift for the determination of all 
of the lanthanides. Eu 3+ and Sm 3+ are used in the present 
study because, among all the elements in the periodic 
table, lanthanides are the most sensitively detected by 
ICP-MS, with detection limits down to 0.01 ng/L, and 
because they occur at very low concentrations in body 
fluids and the environment. 

The detection limits of time-resolved immunofluoro- 
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metric assays for the simultaneous determination of AFP 
and hCG0 with lanthanide chelates are 0.025 jrg/L for 
AFP and *Q2 jtg/L for hCG0 (36). The detection limits of 
the lanthanide-labeled ICP-MS-linked immunoassay were 
1.2 jig/L for AFP and 1.7 jig/L for hCG0. The ratio of 
labeled lanthanide to corresponding antibody is an im- 
portant factor affecting the sensitivity of detection of the 
ICP-MS-linked immunoassay because the ICP-MS signal 
intensity is linearly proportional to the number of atoms 
of the tags. It is possible that the detection limit of the 
present method can be improved by multiple labeling, m 
practice, however, improving the detection limit of an 
immunoassay by increasing the number of labels attached 
to an antibody has been limited because of the interfer- 
ence of the bulky labels in antibody-antigen binding and 
the increased fraction of nonspecific binding. In the 
present study, 1 mole of antkAFP monoclonal antibody 
was labeled with 7.1 moles of Eu 3+ , whereas the anti- 
hCG/3 monoclonal antibody was labeled with 12.3 moles 
of Sm 3 *. As indicated in the Results, the maximum inten- 
sity of l53 Eu is twice mat of ,S2 Sm at the same concentra- 
tion because the natural abundance of 1S3 £u is approxi- 
mately twice that of 152 Sm, and we used those ratios only 
for the convenience of data processing. The nanoparticle- 
antibody bioconjugates provide a novel solution for mis 
problem without compromising the binding affinity. 

When measuring the element tags by MS, the signal 
enhancement is proportional to the number of atoms of 
the tag isotope. Because nanop articles have significant 
numbers of atoms per conjugate, the increase in sensitiv- 
ity is obvious. In a previous work, we developed an 
immunoassay by coupling a sandwich-type immunoreac- 
tion to ICP-MS with colloidal gold nanoparticles as labels 
on goat anti-rabbit IgG (21 ). In their study, another group 
showed that different immunoassay methods, such as 
centrifugal filtration, protein A affinity, and size-exclu- 
sion gel filtration, can be linked with ICP-MS immuno- 
assays using nanogold cluster labels (18). However, the 
use of colloidal gold or nanogold clusters as labels is 
limited by constrains of specificity and immunoreactivity, 
and continuing efforts to alleviate the nonspecific binding 
are required for further improvements in sensitivity. 

An alternative method is to use lanthanide-dye-conju- 
gated polystyrene nanoparticles as labels; these types of 
nanoparticles were used recently in a time-resolved im- 
munofluorometric assay and had the advantages of en- 
hanced monovalent binding affinity and a high specific 
activity for the nanoparticle-antibody bioconjugate 
(40, 41). The nanoparticle, 107 ran in diameter, contained 
>30000 europium atoms and could be used in ICP-MS- 
linked immunoassays to improve the detection limit with- 
out the problems of diminished activity and specificity. It 
can therefore be inferred that element-labeled ICP-MS 
immunoassays can provide sensitivities comparable to 
those for time-resolved immunofluorometric assays with 
the potential for use in multianaly te determinations incor- 
porating large numbers of tags. 



ICP-MS-linked immunoassays have many advantages 
over conventional time-resolved immunofluorometric as- 
says (18). ICP-MS-linked immunoassays do not require 
addition of enhancement solution, as time-resolved im- 
munofluorometric assays do, because the lanthanides 
themselves are detected directly. The dissociation of lan- 
thanides from antigen^antibody complexes by acidifica- 
tion enables long-term storage before analysis, simplify- 
ing assay protocols. The inherent ability of ICP-MS to 
remain free from interference by organic or inorganic 
species makes the operational procedure easier. The im- 
munoassay steps are the same as for time-resolved fluo- 
rescence except for the detection step. After immunoreac- 
tion, enhancement solution is added to the microtiter strip 
well, which is shaken for 5 min to allow the formation of 
fluorescent complex for time-resolved fluorescence detec- 
tion, whereas HNO3 solution (10 mL/L) is added to 
dissociate Eu 3 + and Sm 3 * ions from the labeled monoclo- 
nal antibodies for ICP-MS detection. Because the immu- 
noreaction steps of the two methods are identical, their 
analytical throughput is the key for comparing their 
analytical ability. The throughput of time-resolved fluo- 
rescence is 1-2 s/sample with automated instruments. In 
the present study, the throughput was —1 min/ sample 
for two elements. One of the reasons for the lower 
throughput of the ICP-MS detection immunoassay is that 
the sampling system was not designed specifically for 
immunoassays. The advantage of ICP-MS is its ability to 
analyze multiple analytes, not its analysis speed, com- 
pared with time-resolved fluorescence. Because the anti- 
body preparation and immnunoreaction steps in the ICP- 
MS-linked immunoassay are the same as those in time- 
resolved immunofluorometric assays, which are familiar 
to clinical analysts, this method can be easily accepted and 
used by clinical chemists. 

One of the promising applications of element-labeled 
immunoassay combined with ICP-MS detection is in the 
development of SI- traceable primary methods for inter- 
laboratory comparisons and quality assurance by so- 
called isotope dilution. Isotope dilution is a calibration 
technique based on altering the natural relative abun- 
dance of two stable isotopes by adding a known amount 
of an enriched isotope of the analyte to the sample (42). 
Measurement of this altered ratio allows very accurate 
quantification because the added enriched isotope acts 
analogously to an ideal internal standard. The uncertainty 
of the exact isotopic ratio, the amount of the enriched 
analyte added, and the weight or volume of the sample 
are the only sources of error mat can affect the results. 
Therefore, isotope-dilution analysis provides a definitive 
technique and absolute quantification with excellent pre- 
cision and accuracy compared with other analytical meth- 
ods. The possibility of using an isotope dilution in the 
present method has been under investigation in our 
laboratory. 
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